We studied mutants of E. coli originally identified as being deficient in either endonuclease II (deoxyribonucleate oligonucleotidohydrolase, EC 3.1.4.30) or exonuclease III [deoxyribonucleate (double-stranded) 5'-nucleotidohydrolase, EC 3.1.4.271 activity. Twelve independently derived mutants were tested, including three new endonuclease II mutants. Deficiency of one enzyme was always accompanied by deficiency of the other. Furthermore, temperature-sensitivity of one activity was always accompanied by temperature-sensitivity of the other, and the enzymes were co-purified. The results suggested a physical association between exonuclease III and endonuclease II, which may be of advantage in the excision-repair of DNA.
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A thermolabile endonuclease II was purified from one of the new mutants, indicating that it had an altered structural gene. This mutation, and all similar ones mapped by genetic transduction, was located between the pncA and aroD genes on the E. coli chromosome.
One mutant had-a prolonged generation time, an increased sensitivity to the alkylating agents methylmethanesulfonate and mitomycin C, and a decreased plating efficiency for bacteriophage X, but no marked sensitivity to ultraviolet or -y-irradiation. Its enzymatic and biological abnormalities were simultaneously revertible, suggesting they were caused by a single mutation. These results suggested a role for these enzymes in normal cell growth processes and in the repair of alkylation damage.
Endonuclease II (deoxyribonucleate oligonucleotidohydrolase, EC 3.1.4.30) of Escherichia coli introduces single strand breaks into DNA that has been partially depurinated or modified by alkylating agents like (methylmethanesulfonate (MeSO2OMe) (1) (2) (3) (4) . This property suggests that it might function in an excision-repair system for such lesions in DNA. To verify its role in vivo, we have isolated three mutants with reduced levels of this enzyme (5) . They were identified within a highly mutagenized population-through enzyme assays performed on 8000 randomly chosep clones with special micro-assay screening techniques (6) . We sent one of these mutants to Dr. Marcus Rhoades, who planned to use it as a source of purified exonuclease III [deoxyribonucleate (double-stranded) 5'-nucleotidohydrolase, EC 3.1.
Abbreviations: MeSO2OMe, methylmethanesulfonate; xth, gene symbol for exonuclease III (7, 13, 14) . * This is paper III in the series "Mutants of Escherichia coli with altered deoxyribonucleases." Paper II is ref. 10 . Part of this work appeared in an abstract (5 t To whom reprint requests should be sent. 4 .27]. He soon informed us, however, that it was deficient in exonuclease III as well. We then surveyed our other endonuclease II mutants as well as the exonuclease III mutants we had previously isolated (7), and we found that every strain was defective in both enzymatic activities. In this paper, we describe these experiments together with a preliminary biological and genetic characterization of the three new endonuclease-II-deficient mutants.
MATERIALS AND METHODS DNA Preparations. Radiolabeled T4 phage DNA was prepared by the methods of Thomas and Abelson (8) . DNA gels (DNA entrapped in polyacrylamide) were prepared by the method of Melgar and Goldthwait (9) . Alkylation of DNA gels and DNA solutions was performed with MeSO2OMe as described by Paquette et al. (2) .
Screening Assay for Endonuclease II Mutants. The assay, based on that of Friedberg and Goldthwait (1), measured the release of DNA fragments from MeSO2OMe-treated DNA gels. Plastic depression plates containing 96 wells were used for the growth and assay of 8000 mutagenized clones as previously described (6) . Each clone was grown to saturation at 250 in a droplet (25 Ml) of broth, centrifuged, and lysed with 50 Mul of a lysozyme-EDTA mixture (6) Bacterial Strains. The parent strain for the mutants was AB1157 (7) , a multiple auxotroph of E. coli K-12. It was treated with the mutagen N-methyl-N'-nitro-N-nitrosoguanidine and propagated at 250 to allow the survival of cells containing mutations that are lethal at high temperature (7) . Strains AB3027 and AB2463 were obtained from the Coli Genetic Stock Center, Yale University School of Medicine, as was the transductional recipient AB1360 (aroD6). Strain W3899-namll (pncA-) was obtained from Dr. A. B. Pardee and used as a transductional recipient.
Sensitivity to Alkylating Agents and Irradiation. Cells grown in nutrient broth (7) at 420 were tested at 42°while in the exponential phase of growth. Sensitivities to y-irradiation in oxygenated cultures, to ultraviolet irradiation, and to mitomycin C were determined as described previously (7) . For determination of MeSO2OMe-sensitivity, cells growing in a nutrient broth were centrifuged and resuspended in minimal medium (7). They were incubated for 20 min in the absence of MeSO2OMe and then up to 90 mii in its presence before being diluted and plated on nutrient agar (7) . In the absence of MeSO2OMe, survival was >90% for all strains tested.
Other Methods. Bacterial growth was measured turbidometrically. The following procedures were previously described: protein determinations (7), DNA determinations (7), genetic transduction (10), bacteriophage titration (7), and assays for recombinational proficiency (10).
RESULTS
Mutant Isolation. Three endonuclease II mutants of independent origin were found among 8000 clones of mutagenized cells (Table 1) . At 370, strain BW2001 had 8% of normal enzyme activity (Table 1) . Strains BW2002 and BW2003 appeared to have temperature-sensitive endonuclease II activity; when grown and assayed at 250, they were as active as their parent (AB1157), but when assayed at 370 they were only 59-65% as active. Growth at 420 reduced their enzyme levels even more, indicating that the mutant enzymes are temperature-sensitive in vivo as well as in vitro and that their thermal inactivation is not readily reversible. In a separate experiment, the activities of AB1157 and BW2001 extracts were >90% additive in mixtures; therefore, the defectiveness The purified enzymes (fraction VI) had the following properties characteristic of endonuclease II (11): (a) They had similar chromatographic elution profiles (steps IV to VI). (b) They released alkylated DNA from a polyacrylamide gel at rates >20 times (mutant enzyme) and >50 times (wild-type enzyme) those for untreated DNA. (c) They released DNA fragments; when 10-25% of the total radioactivity was re--leased from a DNA gel, 90% of that released was acid-insoluble. We conclude that endonuclease II is the major endonuclease activity we are measuring in crude extracts (Table  1) , that all three mutants are defective for this enzyme, and that BW2002 produces an altered enzyme and, therefore, has an altered structural gene for endonuclease II.
One Mutant, Two Enzymes. We examined seven mutants of independent origin which were originally identified as being deficient in either endonuclease II or in exonuclease III. In Table 3 , we now see that all are defective for both activities. This finding suggests that the two enzymes depend on a common gene. Our interpretations are based on the assumption that our enzyme assays are specific even when applied to crude extracts. This specificity is suggested by the following Growth of cells and assays of sonicates were performed at 37°. AB3027 is an MeSO2OMe-sensitive strain discovered by S.
Ljungquist and T. Lindahl (personal communication) to be deficient in endonuclease II. Strains of the BW9000 series were isolated as exonuclease III mutants (7) . BW9101 (to be separately described) has a spontaneous deletion of unknown extent affecting the pncA gene and a nearby xth locus.
* Previously designated ntwu (endonuclease II-deficient) (5) , but now found to be indistinguishable from xth-mutations.
observations: (a) The low levels of residual activity in some of our mutants (Table 3) exonuclease III is 75% saturated with substrate under our assay conditions (C. Milcarek and B. Weiss, unpublished results).
Temperature-Sensitive Mutations. Table 4 shows that mutants having an altered temperature coefficient for endonuclease II activity are also temperature-sensitive for exonuclease III. Strains BW2002 and BW2003 were originally isolated as endonuclease II mutants, whereas the others were originally isolated as exonuclease III mutants. A temperature sensitive exonuclease III was in fact purified from BW9093 (7). The results indicate that both enzymes depend on a common structural gene and are, therefore, physically associated. This association was further implied by co-purification. We found that a highly purified preparation of exonuclease III (fraction VI, ref. 7) contained endonuclease II activity of equal purity. Conversely, during the purification of endonuclease II, others have noted the co-purification of an exonuclease activity (see Discussion). Our own preparations of endonuclease II (Table 2) , however, were consumed for other studies before we could confirm this finding.
Biological Traits. Our strains were tested at 420 except for phage growth, which was performed at 37°. The three new endonuclease-II-deficient mutants were sensitive to bacteriophages T4 and T7, had no apparent defect in conjugational or transductional recombination, and had no apparent alteration of spontaneous mutation frequency for several genetic markers. BW2001 had only a slightly increased sensitivity to ultraviolet and y-irradiation (Fig. 1) . Although not shown in Fig. 1, BW2002 had an extraordinary sensitivity to mitomycin C (10-6 survival at 1 ,ug/ml), but this property was probably the result of a secondary mutation, because it was not cotransducible with the enzymatic defects. Of the three mutants, only BW2001, the one with the least residual enzyme activity, demonstrated major biological abnormalities ( Fig. 1 and Table 5 ). It had a prolonged generation time in nutrient broth, an unusual sensitivity to the alkylating agents MeSO2OMe and mitomycin C, and a poor plating efficiency for bacteriophage X. Phenotypic Revertants. Strain BW2007, a faster-growing revertant of BW2001, was isolated from a larger colony arising spontaneously after multiple serial transfers of a broth culture. BW2021, an MeSO2OMe-resistant revertant of BW2001, was isolated as a survivor from an agar plate containing a central droplet of MeSO2OMe. The data of Table 5 show that all the described phenotypic abnormalities of strain BW2001 can revert simultaneously; therefore, these defects are most likely due to a single mutation, xth-11, rather than multiple independent mutations. Strain BW2007 did not have a detectable increase in exonuclease III activity, but then its increase in endonuclease II was relatively small. Preliminary Genetic Mapping. Phage P1 lysates of the mutants were used to transduce nearby auxotrophic markers, and the transductants were scored for xth-by assay of endonuclease II or exonuclease III activities. Transductants tested by both assays (xth-9, xth-11, and xth-1 2) were found to have co-inherited both enzymatic defects, supporting our assumption that they were caused by single mutations. The mutations of strains BW2001, BW2002, and BW2003 (xth-11 to xth-18) were 2-9% cotransducible with the aroD gene and 17-36% cotransducible with pncA, whereas aroD was only (11) found their endonuclease II preparations were "contaminated" by an exonuclease which, like exonuclease III, was relatively inactive on the glucosylated DNA of phage T4, although its inhibition by Zn++ was less than they expected for the latter enzyme.. Their separation of the two activities by electrophoresis resulted in an 80-90% loss of endonuclease activity (11) . Although isoelectric focusing produced several peaks of exonuclease-free endonuclease II in unstated yield, the recovered exonuclease activity coincided with a peak of endonuclease II activity (11 (15) . Similarly, an activity resembling that of E. coli exonuclease III accompanies an endonuclease II-like activity of Hemophilus influenzae during purification of the latter to apparent homogeneity, suggesting a general phenomenon (J. Gargiulo and B. Weiss, unpublished results). The unusual sensitivity of mutant BW2001 to alkylating agents is consistent with the hypothesis that endonuclease II functions in the excision-repair of alkylated DNA. This hypothesis is further supported by the work of S. Ljungquist and T. Lindahl (personal communication). They found that AB3027 (Table 3) , an MeSO2OMe-sensitive strain, is deficient in both endonuclease II and DNA polymerase I and that this double mutant is more sensitive to MeSO2OMe than either of the corresponding polymerase-or endonucleasedeficient single mutants.
Mutant BW2001 also had a reduced growth rate and a reduced ability to replicate phage X, suggesting a possible role for the affected xth gene in normal DNA metabolism. It has been suggested (16) that endonuclease II may be important in the maintenance of cellular DNA, which may undergo depurination spontaneously. Such apurinic sites, which may also be produced by alkylating agents, are ambiguous templates and may lead to mutation. We are unable, however, to attribute the slow growth rate of strain BW2001 to the accumulation of spontaneous mutations; in preliminary experiments, its mutation rates for several traits are equal to or less than those of the wild type. Finally, we must point out that the mutation in strain BW2001 may not be in a structural gene for the enzymes; it may be in a control locus affecting other genes that are responsible for the mutant's biological properties.
